Thirteen equations based on the mass-transfer method for determining free water evaporation were expressed in seven generalized equations. These seven equations were then compared with pan evaporation at four climatological stations in north-western Ontario, Canada. The comparisons were based on monthly evaporation. Equations were compared by calibrating them on the entire data sets as well as by calibrating on part of the data and then verifying them on the remainder of the data. The results of comparison showed that all equations were in reasonable agreement with observed evaporation, and that the eect of wind velocity on monthly evaporation was marginal. However, when an equation with parameters obtained at one site was applied to compute evaporation at another site, the computed evaporation was not in good agreement with observed values.
INTRODUCTION
Evaporation estimates are needed in a wide array of problems in hydrology, agronomy, forestry and land resources planning, such as water balance computation, irrigation management, river¯ow forecasting, investigation of lake chemistry, ecosystem modelling, etc. Of all the components of the hydrological cycle, evaporation is perhaps the most dicult to estimate owing to complex interactions between the components of the land±plant±atmosphere system.
There exists a multitude of methods for measurement and estimation of evaporation. Overviews of many of these methods are found in numerous reviews, (see, for example, Brutsaert, 1982; Singh, 1989; Morton, 1990 Morton, , 1994 . Very recently, Panu and Nguyen (1994) evaluated four methods of estimating mean areal evaporation in north-western Ontario, Canada; whereas Winter et al. (1995) compared 11 equations for determining evaporation for a small lake in the north-central United States. Morton (1990) presented a critique of evaporation measurement methods.
The methods for determining evaporation can be grouped into several categories, including: (i) empirical (e.g. Kohler et al., 1995) , (ii) water budget (e.g. Guitjens, 1982) , (iii) energy budget (e.g. Fritschen, 1966) , (iv) mass transfer (e.g. Harbeck, 1962) , (v) combination (e.g. Penman, 1948) and (vi) measurement (e.g. Young, 1947) .
Empirical methods relate either pan evaporation, actual lake evaporation or lysimeter measurements to meteorological factors using regression analyses. The weakness of these empirical methods is that they have a limited range of applicability because (i) their variables may not be easily measurable in other places, or some existing data may not be utilized; (ii) they are usually accurate only in a limited range, for their model structure may be only partially correct; and (iii) it is dicult to compare one method with another due to CCC 0885±6087/97/030311±13 method-speci®c model variables; for example, the requirements for measurement of temperature and wind speed may be at dierent heights above the water or ground surface.
The water budget methods are simple in theory, but rarely produce reliable results in practice. The main diculty is that some of the variables, such as seepage rate in a water system, are hard to measure (Singh, 1989) . Morton (1990) has summarized other problems associated, in general, with such methods.
The energy budget methods (including the Penman combination methods) are reliable in theory and suitable for research purposes only in small areas, because of their requirements for detailed meteorological data, such as net radiation, sensible heat¯ux, etc. Their practical utility for larger lakes is limited. Although McCulloch (1965) presented tables for rapid computation of evaporation by the Penman method, Schulz (1962) presented a graphical procedure for using this model, and Van Bavel (1968) presented a simpli®ed generalized model, it still requires an evaluation of the net radiation which is not so easily obtainable for many applied engineering problems.
The mass-transfer (aerodynamic) based methods utilize the concept of eddy motion transfer of water vapour from an evaporating surface to the atmosphere. All such methods are based on Dalton's law. The mass-transfer methods give satisfactory results in many cases (Thornthwaite and Holzman, 1939; Meyer, 1944; Sverdrup, 1946; Sutton, 1949; Jensen, 1973) and normally use easily measurable variables and have simple model form. However, wind speed and air temperature have been measured at inconsistent heights, resulting in a large number of equations with similar or identical structure. The wide ranging inconsistency in meteorological data collection procedures and standards has given rise to over 100 evaporation formulae and has made it impossible for a comparative study (Helfrich et al., 1982; Panu and Nguyen, 1994) .
It is dicult to select the most appropriate evaporation measurement methods for a given study. This is partly because of the availability of many equations for determining evaporation, the wide range of data types needed and the wide range of expertise needed to use the various equations correctly. More importantly, objective criteria for model selection are lacking. Consequently, the conditions under which one evaporation method would be more suitable are not always spelled out.
Recognizing the above concerns, an attempt is made in this paper to analyse and compare the various forms of the existing, simple popular models belonging to the category of the mass-transfer method, and to develop a generalized model form from these methods. This is because the mass-transfer approaches generally are easiest to use and often are the only practical method available. This generalized model should possess the following characteristics: (i) be analytical and simple, (ii) its variables should be easily measurable, (iii) it should consist of the most important in¯uencing factors, (iv) other simple models should be special cases of the generalized one and (v) the model parameters should be easily estimated with acceptable accuracy.
MODEL DEVELOPMENT Discussion of existing models
Clearly, evaporation depends on the supply of heat energy and vapour pressure gradient, which, in turn, depend on meteorological factors such as temperature, wind speed, atmospheric pressure, solar radiation, quality of water and the nature and shape of the evaporating surface (Morton, 1968) . These factors also depend on other factors, such as geological locations, seasons, etc. Thus, the process of evaporation is rather complicated. A complete physical model may be too dicult to develop since there exist many factors that are not controllable and measurable.
The mass-transfer method is one of the oldest methods (Dalton, 1802; Meyer, 1915; Penman, 1948) and is still an attractive method for estimating free water surface evaporation because of its simplicity and reasonable accuracy. The mass-transfer methods are based on the Dalton equation, which for free water surface can be written as:
where E 0 is free water surface evaporation, e s is the saturation vapour pressure at the temperature of the water surface, e a is the vapour pressure in the air and C is aerodynamic conductance. The term e a is also equal to the saturation vapour pressure at the dew point temperature. Sometimes C is taken as C 1ar a , where r a is the aerodynamic resistance. The parameter C can also be construed as the amount of water evaporated from unit vapour pressure de®cit. Although C depends on the horizontal wind speed, surface roughness and thermally induced turbulence, it is normally assumed to be dependent on wind speed, u. Therefore, Equation (1) is expressed as:
where f(u) is the wind function. This function depends on, among other factors, the observational heights of the wind speed and vapour pressure measurements. Although the two heights need not be the same, the same experimental layout must be used for a particular value of the function. The mass-transfer method has had wide application in the estimation of lake evaporation and many empirical formulae have been derived based on this approach (Singh, 1989) . Examples of empirical equations of this type are included in Table I [Equations (3)±(15)] which lists 13 relatively simple and commonly used evaporation equations. An inspection of the above mass-transfer-based equations reveals that the three major meteorological factors considered to aect evaporation are vapour pressure gradient, wind speed and temperature. The air pressure,¯uid density and water surface elevation for a given location may not greatly aect the rate of evaporation. Table I also shows that speci®c formulae have resulted from the analysis of limited and sitespeci®c meteorological data. The data collection procedures are not only varied but are frequently inconsistent. Usually, such inconsistencies are a major source of site-speci®c modi®cations and adaptations of these types of equations. Speci®cally, the elevations at which temperature and vapour pressure are measured vary widely. As a result, estimates of moisture gradient and wind velocity are aected. The wind speed (monthly mean) u is measured in miles per hour and vapour pressure e, in inches of Hg. The subscripts attached to u refer to height in metres at which the measurements are taken; no subscript refers to measurements near the ground or water surface
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Generalization of the Methods
From the 13 equations listed in Table I it can be seen that evaporation is proportional to vapour pressure gradient (e s À e a ) and also proportional to wind speed, but the relationship between evaporation and temperature is not explicitly included in most of them. Because the water surface temperature is usually not available, the saturation vapour pressure at the air temperature, e 0 , has been used in place of the saturation vapour pressure at the water surface temperature, e s , by some investigators (e.g. Visentini, 1936; Haude, 1955; Hounam, 1971) . For the same reason, the term (e s À e a ) in the equations in Table I has been developed in this study using (e 0 À e a ), the saturation de®cit of the air. The saturation vapour pressure, e 0 , and actual vapour pressure e a are calculated, respectively, from air temperature and dew point temperature using the equation presented by Bosen (1960) . Likewise, the water surface temperature used in the equations is replaced by the dew point temperature, T d .
The equations given in Table I can be generalized in the form:
where f u, g(e) and hT are wind speed, vapour pressure and temperature functions, respectively. When f u a, g(e e 0 À e a and hT 1, Equation (16) leads to Equation (3); when f u au, ge e 0 À e a and hT 1, Equation (16) is identical to Equation (9); when f u a1 bu, ge e 0 À e a and hT 1, Equation (16) is the same as Equations (4), (5), (8) and (10); when f u a1 À e À u , ge e 0 À e a and hT 1, Equation (16) equals Equation (6); Equation (13) can be considered as a special form of Equation (16) when f u a, ge 100 À hn and hT T a À 25 2 ; Equation (11) is a special case of Equation (16) when f u au, ge e 0 À e a and hT 1 À cT a À T d .
The Sverdrup (1946) equation can be considered as a special case of Equation (16) as well, since¯uid density and air pressure normally vary little over time at a given place. The Thornthwaite and Holzman (1939) equation is similar to the Sverdrup equation except that the former has the possible drawback that if wind speeds u 8 u 2 , the evaporation becomes zero, which usually is not true.
In general, the following equation forms can be presented for the equations shown in Table I .
where a, b and c are parameters, hn is the relative humidity and other symbols have the same meaning as before.
MODEL EVALUATION
Considerations for comparative evaluation
It is generally accepted that empirical formulae, as presented in Table I , may be reliable in the areas and over the periods for which they were developed, but large errors can be expected when they are extrapolated to other climatic areas without recalibrating the constants involved in the formulae (Hounam, 1971) . In order to alleviate these diculties, a comparative study was carried out to evaluate the seven generalized equation forms [(A)±(G)] instead of comparing the original formulae shown in Table I . This consideration has, at least, two advantages: (i) for a speci®c site of interest, it is the form of a given model that is more important (useful) than the predetermined values of the constants using the meteorological data measured at a previously reported site; and (ii) it allows a comparison of all the model forms using the standard meteorological data measured at consistent heights and for the same periods. In this study, the following units for dierent variables were used: evaporation, E, in cm/month; saturation and actual vapour pressures, e 0 and e a , in mbar; wind speed measured at 2 m height, u, in km/hour; and air temperature, T a , and dew point temperature, T d , measured at 2 m height, in 8C.
Study Region and Data
Four climatological stations were used for comparative evaluation of the aforementioned evaporation equations. These stations are located in north-western Ontario, Canada. The region is geographically de®ned by the borders of Manitoba, United States, Hudson Bay, James Bay and the easterly border as shown in Figure 1 . The physiography of the area is typi®ed by the occurrence of numerous lakes. It would be better to select lakes from dierent climatic settings, but this was not done owing to lack of data. According to Panu and Nguyen (1994) , the mean annual precipitation for the region varies from a maximum of over 800 mm to less than 550 mm, with an average value of 650 mm. Mean annual temperature ranges from À48C to more than 38C. The pertinent information on these stations is provided in Table II . Evaporation in this region is most signi®cant during the summer season (June±September) and relatively insigni®cant in October±May because the temperature¯uctuates near freezing point during these months. Therefore, the mean monthly evaporation rates were only computed and compared for the months of June, July, August and September of each year. 
Parameter Estimation and Evaluation Criteria
The application of a model includes the speci®cation of model type, determination of the parameters and veri®cation of the model performance. In this section only a limited number of items are discussed. A full account is given by Xu (1992) .
To estimate model parameters, an`automatic optimization' method was used, and the optimality criterion adopted was the least-square error between measured and computed free water evaporation. Let E t,obs be the observed evaporation, and E t,comp the computed evaporation, which is a function of model parameters. Then, the objective function, ER, to be minimized can be expressed as
where summation is over the number of observations. Optimization of model parameters is the minimization of the objective function in Equation (17).
To check the signi®cance of the parameters and to provide a quantitative comparison between the parameter values of the same model over dierent stations, con®dence intervals at 95% signi®cance level were computed for the`best' parameters, a i , as
where s i is the standard deviation of parameter a i . Various measures of goodness-of-®t have been proposed (e.g. Nash and Sutclie, 1970) . This study employed the relative error between the evaporation determined by the seven generalized equations and the evaporation observed by Class A pan, i.e. relative error 7 E tYcomp À E tYobs E tYobs Ã 100 19
RESULTS AND DISCUSSION
Model Calibration
The seven generalized equations and the statistical methodology discussed in the previous section were applied to the four climatological stations. The optimized parameter values together with the 95% con®dence interval for each model and station combination are presented in Table III . In the last column of the table, the regionally averaged parameter values are also shown. The relative errors, as calculated by Equation (19) are plotted in Figure 2 for each climatological station. From an examination of Table III and Figure 2 one ®nds the following.
(1) Signi®cant dierences are expected for parameter values of the same model among dierent stations (Table III) . Spatial variability of the parameters is signi®cant and, in general, the parameter values of the same model increase gradually from north to south with the smallest values found for the Lansdown House station and the biggest for the Atikokan station in most cases. (2) All methods yielded comparable and good results when the parameters were calibrated using local meteorological variables (Figure 2 ). The mean seasonal per cent error (from June to September) varies from 0Á07% (model G for Rawson Lake station) to 3Á10% (model B for Pickle Lake station). The monthly per cent error varies from 0Á03% (model A for Rawson Lake station in September) to 14Á91% (model E for Atikokan station in September). The equations with more terms and parameters involved did not exhibit a tendency to perform better than did model A, with fewer parameters. This conclusion is valid for the monthly time-scale at least. Since the aim of the above-mentioned equations is to estimate evaporation on the basis of meteorological variables, perhaps the ®rst and most striking comparison that can be made on the performance of an equation can be seen from the plot of the observed and computed monthly evaporation. An example is shown in Figure 3 for the Atikokan station and Equation (G), which shows a very good agreement between the observed and computed evaporation series. Similar good agreements between the observed and computed monthly evaporations for other station±equation combinations can be expected, as can be seen from Figure 2 , where a small range of relative errors is shown for all station±equation combinations. (3) Parameter b in models D and G is found to be insigni®cant for all the stations (Table III) . This again shows that monthly mean wind speed is not a signi®cant factor. The term f u a1 bu in Equation (16) seems over-parameterized, which can be simpli®ed to f u au or f u a X 1 À expÀu, or even to f u a, with more or less the same explanatory power.
Signi®cance of Dierent Terms in Equation (1) As discussed in previous sections, the mass-transfer methods are based on the Dalton equation. Its general form for free water surface could be written as Equation (1). Evaporation equations of this type dier by their functions in expressing C Ð the aerodynamic conductance. Seven forms of the C functions are explicitly written in Equations (A)±(G). A test was done for the above-mentioned, seven generalized equations to check the signi®cance of dierent C functions and the saturation de®cit term ge e 0 À e a . For illustrative purposes, the results for the Atikokan station are shown in Figure 4 . In order to have the same magnitude, their relative values, i.e. the actual values for each month divided by the mean value for the entire period, were used. It is seen that the saturation de®cit of the air, i.e. term ge e 0 À e a , is the dominant factor in estimating monthly free water surface evaporation, resulting in an excellent agreement between this term and the computed evaporation; while the C function is pretty much constant in time and 
Notes:
1 parameter values of model F have been scaled up by 10000. (2) Ã means the parameter is insigni®cant, i.e. zero is included in the con®dence interval. (3) underline means there is signi®cant dierence from the regionally averaged value, i.e. the regionally averaged value does not lay in the con®dence interval of the parameter for that station has a very narrow range with the exception of Equation (F). This is the only equation in which the relative humidity, hn, was used instead of the saturation de®cit term ge e 0 À e a . Moreover, this equation was originally developed for estimating potential evapotranspiration (Romanenko, 1961) rather than free water evaporation as the other equations did. 
Model Veri®cation
The model veri®cation study was carried out for the Atikokan station only, because the other three stations have relatively short data series (Table I ). The sensitivity of the model parameters and model performance was studied using the split record procedure as proposed by Klemes (1986) . The data series was split into two parts, 1968±1974 and 1975±1982, respectively. The seven models were calibrated separately for these two parts; the best parameter values were obtained for each calibration period as well as the period for the entire available record. Then, the parameter values obtained from the calibration on the ®rst seven years (1968±1974) were used to simulate evaporation for the last eight years (1975±1982) of the available record and vice versa, to investigate the ability of the models to predict monthly evaporation for independent test periods. The results are shown in Figure 5 . From an examination of Figure 5 it can be seen that the performance of the models in estimating evaporation for the independent test period is acceptable. The absolute value of seasonal per cent error varies from 2Á45 to 9Á96% and from 2Á7 to 10Á11% for the simulation of the second half and ®rst half, respectively. The maximum monthly per cent error is 20Á63%.
In general, the results of simulation indicate that, once the parameters are determined using the historical data for a station, the models can generally be used with sucient con®dence to estimate evaporation in the future for the same station.
Regionalization
The regionally averaged parameter values for the seven equations were used for each of the four stations to estimate evaporation. The results are shown in Figure 6 . If a relative error of +207 is used as an arbitrary measure of acceptance, all equations give unsatisfactory results for one or more stations. This means that an acceptance level of con®dence cannot be achieved when transferring parameter values from one site to another, even within a not too big region.
CONCLUSIONS
Seven generalized equations for estimating evaporation, which encompass the 13 equations shown in Table I , were evaluated using climatological data in north-western Ontario, Canada. Calibration results show that all seven equations yield comparable and satisfactory estimates for monthly evaporation, provided the model parameters are calibrated using local meteorological variables. The saturation de®cit of the air, i.e. term ge e 0 À e a in Equation (16), is the dominant factor in estimating monthly free water surface evaporation. Wind speed is found to be an insigni®cant factor for monthly evaporation. Model complexity is not necessarily a measure of its ability to perform better when using this type of equation. Veri®cation results indicate that there is a high degree of consistency in the parameter values for dierent calibration periods. This means that once the parameters are determined using the historical data for a station the equations can generally be used with sucient con®dence to estimate evaporation in the future for the same station.
The test on the feasibility of parameter transfer to another site shows that an acceptable level of con®dence cannot be achieved even for such a small region with fairly similar climates.
